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Abstract: In this present research work, a new modelling of energy density in EDM (Electrical
Discharge Machining) is proposed. Energy density can be defined as the amount of energy needed
to get a unit volume of material removed, and for its modelling, the whole EDM process has been
taken into account. This new definition lets us quantify the energy density that is being absorbed
by the workpiece and the electrode. Results are compared to those obtained by die sinking EDM
in an Inconel ®600 alloy using Cu-C electrodes. Currently, this material is of great interest for
industrial applications in the nuclear, aeronautical and chemical sectors, due to their combinations of
good mechanical properties, corrosion resistance and extreme hardness at very high temperatures.
The experimental results confirm that the use of negative polarity leads to a higher material removal
rate, higher electrode wear and higher surface roughness. Moreover, the optimal condition to obtain
a maximum MRR (Material Removal Rate) of 30.49 mm3/min was: 8 A, 100 µs and 0.6, respectively,
for the current intensity, pulse time and duty cycle.
Keywords: modelling; EDM; MRR; roughness; wear
1. Introduction
Electrical discharge machining, also known as EDM, is one of the non-traditional machining
processes most commonly used in industry for high precision machining [1]. Its greatest field of
application is in the manufacture of molds and dies [2]. In this process, the material removal mechanism
uses electrical energy and turns it into thermal energy through a series of discrete electrical discharges
that occur between the electrode and the workpiece immersed in an insulating dielectric fluid [3].
Inconel ®600 alloy (Ni–Cr–Fe) is a registered trademark of Special Metals Corporation Group of
Companies. Nickel-based alloys contain at least 50% nickel [4] and are characterized by their high heat
resistance, corrosion resistance [5] and excellent thermal stability [6]. Compared to titanium alloys,
these alloys have a broader range of operational temperatures, which makes them more attractive
materials for use under extreme temperature conditions [7]. In addition, all of these properties make
them unique materials with a high demand in critical components of aerospace engines [8] and gas
turbines [9] and in the chemical, medical and nuclear industries, among others, in the present day [4].
Concretely, this alloy contains 72% min. nickel and is mainly used in furnace components, chemical
processes, nuclear engineering [10], steam generator tubes [11] and, generally, in applications where
strength is required at high temperatures [12].
In the existing bibliography, there are very few research works dealing with the EDM of
Inconel ®600, while none have been found that use a Cu-C electrode. Following this line, the authors
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of this present study carried out different studies on the machinability and surface roughness of
an Inconel ®600 alloy using copper [13] and graphite electrodes [14]. In addition, the effect of electrode
polarity was also analyzed and compared, and some remarkable results were found. In the case of
copper electrodes, negative polarity and low values of current intensity are recommended in order to
obtain a good surface roughness. In contrast, when high rates of material removal are needed, positive
polarity should be selected. On the other hand, when graphite electrodes were used, experiments
subjected to negative polarity reached higher values of MRR rather than those obtained with positive
polarity. For the case of surface roughness, positive polarity turns out to be more suitable when good
surface quality is required.
Material removal rate (MRR), electrode wear (EW) and surface roughness (SR) play an important
role in industrial performances. Moreover, these features are generally influenced by EDM
electrical parameters, such as pulse time, current intensity, open-circuit voltage, duty cycle, etc. [15],
which should be optimized to attain the best conditions. Therefore, this great influence has motivated
some research work. Many of these studies analyze the influence of these parameters on MRR, EW
and SR and also try to achieve machining strategies that maximize MRR, or minimize EW and SR.
In their research work, Beri et al. [16] studied the influence of current intensity during electrical
discharge machining of Inconel 718 alloy with a copper tungsten-processed electrode. The results
showed that MRR and SR increased with the increase in current intensity with both positive and negative
polarities, and also, that increase was higher with positive polarity as compared to the negative one.
Another notable study is the one carried out by Barenji et al. [17], where an analysis of the
influence of pulse time, current intensity and voltage on MRR and tool wear rate (TWR) was carried
out on an AISI D6 tool steel. The results indicated that MRR increased with the increase in pulse time,
while TWR decreased. In addition, high values of both pulse time and current lead to high amounts of
MRR and TWR.
Furthermore, Verma and Sajeevan [18] studied the influence of different EDM process variables
on various performance characteristics, such as material removal rate, tool wear rate and surface
roughness, when machining a titanium alloy (Ti6Al4V).
Straka et al. [19] investigated the heat affected zone of an eroded surface after die sinking EDM.
According to their experimental results, they found that the main technological parameters that affect
the quality of the machined surface in terms of microstructural changes were peak current, pulse
on-time and pulse off-time.
Dhanabalan et al. [20] made an attempt to analyze the form tolerances in EDM of Inconel 718 and
Inconel 625. To do so, current intensity, pulse time, pause time and fluid pressure were chosen as input
parameters. Kuppan et al. [21] reported on an experimental investigation of small deep hole drilling of
Inconel 718 using the EDM process. The results revealed that MRR is more influenced by peak current,
duty factor and electrode rotation, whereas depth averaged surface roughness is strongly influenced
by peak current and pulse time.
D’Urso et al. [22] investigated the influence of MRR and the thermal and electrical properties
of workpiece and electrode materials on the performance of micro-EDM drilling. According to
their experimental results, they found that MRR is directly proportional to the thermal conductivity
of both the workpiece and electrode and is indirectly proportional to melting temperature and
electrical resistivity.
Apart from electrical parameters, other parameters such as the polarity and material of the electrode
have a big influence on the machinability, surface roughness and, ultimately, on process performance.
Due to their importance in the EDM process, both have become the focus of many experimental studies
in parallel with the electrical ones.
Gostmirovic et al. [23] focused on the influence of the polarity in the EDM process of
manganese-vanadium tool steel using a graphite electrode. According to their experimental studies,
they recommend positive polarity when high rates of removed material need to be obtained because of
the smaller mass of the electrons than the anions. Beri et al. [16] also studied the polarity effect during
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electrical discharge machining of Inconel 718 alloy with a Cu-W electrode. Again, one of the most
relevant conclusions of that study is the higher material rates when positive polarity is selected.
Ji et al. [24] also carried out a study on the effects of tool polarity on the material removal rate,
electrode wear ratio and surface roughness of a ceramic material with a copper electrode. In this case,
the results were opposite those found by Gostmirovic et al. [23] and Beri et al. [16], resulting in higher
rates of material removal and surface roughness with negative polarity. Consequently, the present
literature shows that the influence of the polarity varies depending on the electrode and workpiece
materials, and according to Reza et al. [25], the wrong polarity can have significant implications on
speed, wear and process stability.
Furthermore, in order to study the influence of some specific design factors on the response
variables that determine the machinability and surface finish of the EDM process, many authors
use statistical models based on design of experiments (DOE) techniques. With a small number of
experiments, these techniques allow the effects of several parameters simultaneously on a response
variable to be studied and also to quantify that influence. As can be observed in the latest research works
recently published, the main models include factorial design experiments, the Taguchi method [26] and
response surface methodology (RSM) [27], where the first ones are the most widespread techniques in
these kinds of studies.
Likewise, Luis et al. used factorial design for modelling and analyzing the influence of the
determined process variables over surface roughness [28], material removal rate and electrode wear [29]
of a SiSiC ceramic machined by EDM. With the same objective, Dastagiri and Kumar [30] selected a 23
factorial design with three center points and developed a mathematical model to predict MRR, average
surface roughness and hardness using input parameters, such as current intensity, voltage, pulse time
and duty factor. In the same way, Barenji et al. [17] used a full factorial design including 32 experiments
to determine the effects of some process parameters on MRR and TWR, and Spedding et al. [31]
selected a central composite experimental design for modelling the wire EDM process of an AISI
420 workpiece with a brass electrode.
In this present research work, an analysis and modelling of die sinking EDM in an Inconel ®600
is performed using Cu-C electrodes. To this end, analysis of variance and multiple linear regression
techniques are used in order to learn which process parameter has the greatest influence and to obtain
the mathematical models to predict the most influential factors on the performance characteristics,
respectively. Additionally, this study is completed with a new modelling of the energy density parameter
with a view to improving the EDM process.
2. Experimental Procedure
This section describes the materials and equipment used to carry out the experiments, as well as
the methodology selected to plan and analyze the experimentation.
In this present research work, the equipment used for conducting the experiments was a conventional
EDM machine, Model ONA DATIC D-2030-S (ONA electroerosión S.A., Durango, Spain), with a jet
flushing system. As a dielectric fluid, mineral oil was chosen so as to improve the stability and the
efficiency of the EDM process.
In addition, ground plates of Inconel ®600 of 50 mm × 50 mm × 5 mm in dimensions were used
as a workpiece material. Inconel ®600 is a registered trademark of Special Metals Corporation Group of
Companies. The density value of the Inconel ®600 workpiece is 8.47 g/cm3. This alloy is characterized
by its high heat resistance and corrosion resistance [5].
The electrode material selected was Poco EDM-C3®, a registered trademark of Poco Graphite, Inc.
(Decatur, TX, USA) [32]. The EDM-C3 is a copper infiltrated graphite (C-Cu) with an ultrafine grain
(average particle size <5 µm) that provides good wear resistance and large material removal rates
with good surface finishes. Its density is 3.05 g/cm3, and it has a high sublimation temperature
(3600 ◦C–3700 ◦C). All of the electrodes had a rectangular section (12 mm × 8 mm) and were milled
before every run.
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In addition, in this present study, the EDM machining was performed for 3 h or for a depth of
cut of 1 mm (whichever is earlier). This was selected in this way so as to ensure a stable process and,
consequently, more reliable results. Initial and final weights of both the workpiece and the electrode
were measured by an electronic weighting balance having a precision of 0.04 mg + 2 × 10−7 weight.
Every measure was repeated three times, and then, the average value was calculated. Weight loss of
both the workpiece and electrode was used to calculate the material removal rate and electrode wear.
In order to obtain the surface roughness values, a profile rugosimeter ALPA RT-70
(Alpa srl, Pontoglio, Italy) with a mobile stylus was used. The stylus tip of the rugosimeter consisted
of a diamond cone whose angle was 90◦, and it had a tip radius of 3 µm. The static force applied by
this stylus was 0.12 mN. Furthermore, a Gaussian filter that is defined in accordance with UNE-EN-ISO
16610-21 [33] was used to evaluate the Ra parameter. To do so, the rugosimeter parameters selected were
as follows: evaluation length = 4 mm, cut-off = 0.8 mm and the number of sampling lengths = 5. Every run
was measured at five different locations equally distributed, and then, the average value was calculated.
In this present research, a 43 factorial design was selected, with three factors and four levels
under consideration, giving a total of 64 experiments. All of the experiments were conducted for both
positive and negative polarity. Table 1 presents the design factors and the levels selected. All of the
experiments were performed for both polarities. No replication was carried out.
There are a large number of variables that influence the machinability and the surface roughness
in EDM processes. However, as mentioned in the Introduction, the literature [16–21] reveals that the
following parameters are the most widely used among researchers: current intensity supplied by the
generator of the EDM machine (I), pulse time (ti), duty cycle (η) and polarity. Accordingly, these four
factors have been considered in this particular research work. In addition, open-circuit voltage (U0)
and flushing pressure (P) were kept constant at 200 V and 30 kPa for all of the experimentation.
Table 1. Design factors and their levels.
Design Factor Unit
Levels and Values
Positive Polarity Negative Polarity
1 2 3 4 1 2 3 4
Current intensity A 2 4 6 8 2 4 6 8
Pulse time µs 25 50 75 100 25 50 75 100
Duty cycle 0.3 0.4 0.5 0.6 0.3 0.4 0.5 0.6
Due to the lack of previous experiences on the EDM of Inconel ®600 using a Cu-C electrode,
preliminary tests were performed in order to achieve a stable process. To do so, the values used in
the machining of this alloy with copper [13] and graphite [14] electrodes were taken as a reference.
However, it was observed that, despite being the same workpiece material, the same machining
conditions led to an unstable process and, sometimes, to the formation of electric arcs. Therefore,
new ranges had to be studied. After having performed this experiment, it should be remarked that
macroscopic craters on the surface of the workpiece were observed when very low pulse time was
selected, whatever the current intensity and duty cycle were. In addition, when high values of duty
cycle and pulse time were selected, the process became unstable.
The response variables considered in the present study are: material removal rate (MRR),












× 100 (%), (2)
where ∆Ωp, ∆Ωe and tm are the volume of material removed from the workpiece, the volume of
material removed from the electrode and the time machining, respectively.
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On the other hand, surface roughness is characterized by the amplitude parameter Ra (arithmetic
average of the roughness profile), as it is one of the most widespread parameters among industries to
evaluate the EDM’ed surface. This parameter can be found in UNE-EN-ISO 4287:1999 [34].
3. Modelling of the Energy Density Parameter
The energy density parameter (ρe) was formerly proposed in [35] in order to analyze the influence
of the EDM process on an Inconel ®718 alloy. In that case, the parameter was defined for just one
machining cycle. The literature reveals that the mechanism of material removal in the EDM process
is not yet very well understood. Undoubtedly, phenomena involved in the EDM process need to be
investigated further in order to improve the process [36]. Because of that and based on [35], this present
study makes an attempt to further investigate the EDM process and proposes a new energy density
parameter (ρE) that takes into account the whole process. In addition, this new definition lets us
quantify the energy density that absorbs the workpiece and the one that absorbs the electrode.
To differentiate the new proposed energy density parameter from the one found in [35], it has
been renamed as (ρE). This parameter, defined as the amount of energy needed to get a unit volume of
material removed, can be calculated from Equation (3):
ρE =
U0 × I × η
MRR (1 + EW)
, (3)
where U0, I and η are the open-circuit voltage, current intensity and duty cycle, respectively.
A detailed description follows on how this expression has been obtained. As seen in [35], during
the EDM process, the material is removed by melting and vaporization from both the workpiece (Ωp)
and the electrode (Ωe), and the total volume of material removed (∆Ω) during the process can be
expressed from the definitions of MRR and EW shown before in Equations (1) and (2), respectively.
Considering that all of the energy is spent on removing material, the energy density can be defined
as the ratio between energy and volume and expressed in kJ/mm3. Unlike the parameter defined
in [35], in this case, the new parameter takes into account all of the cycles produced in the process,
so that the machining time can be replaced by multiplying the pulse time and the number of cycles
(nc), as Equation (4) indicates.
ρE =
U0 × I × ti × nc
∆Ω
, (4)
In turn, as mentioned before, ∆Ω can be replaced in terms of MRR and EW so that the energy
density is defined according to Equation (5).
ρE =
U0 × I × ti × nc
tm ×MRR (1 + EW) , (5)










Replacing in Equation (5) the machining time by Equation (6) and arranging terms taking into
account Equation (7), the final expression of the energy density as a function of the design variables is
obtained, as shown in Equation (5).
Since a portion of that energy density is used in removing material from the workpiece and the
other portion in removing material from the electrode, ρE can be decomposed into the energy density
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on the workpiece (ρp) and on the electrode (ρe). In turn, both terms can be calculated as the ratio
between energy and volume, as shown in Equations (8) and (9).
ρp =
U0 × I × ti × nc
Ωp
=
U0 × I × ti × nc
MRR× nc × (ti + t0) =




U0 × I × ti × nc
Ωe
=
U0 × I × ti × nc
EW×MRR× nc × (ti + t0) =
U0 × I × η
EW×MRR, (9)
Consequently, Equations (3), (8) and (9) can be expressed as shown in Equation (10).
MRR (1 + EW)
U0 × I × η =
MRR
U0 × I × η +
EW×MRR
U0 × I × η , (10)
4. Results and Discussion
The average values obtained for each of the response variables and for both polarities are listed in
Table 2. Subsequently, these results have been analyzed by using DOE techniques, and the models for
each of the response variables have been obtained. In order to determine them, the model with the
highest value of R2adj has been selected. Moreover, the adequacy of the models has been analyzed by
using the analysis of variance (ANOVA) technique.
Table 2. Mean and expanded uncertainly values Uj (k = 2).
E

























1 0.1778 0.0002 35.81 0.50 1.39 0.15 0.4961 0.0005 96.67 0.23 1.57 0.17
2 3.0897 0.0009 10.66 0.06 3.34 0.49 4.7944 0.0027 28.23 0.14 3.59 0.46
3 5.0825 0.0019 11.69 0.06 3.66 0.47 6.6012 0.0025 25.90 0.16 4.29 0.47
4 7.4984 0.0032 11.68 0.11 4.22 0.47 10.4203 0.0044 21.09 0.11 4.76 0.51
5 0.1331 0.0002 20.74 0.41 1.57 0.18 0.3048 0.0002 158.27 0.24 1.31 0.14
6 3.7383 0.0016 9.14 0.09 4.20 0.49 7.4086 0.0015 25.33 0.21 5.43 0.66
7 6.3535 0.0025 8.58 0.17 4.70 0.53 10.3921 0.0029 22.60 0.15 5.84 0.63
8 6.6319 0.0011 11.26 0.20 4.71 0.50 14.3346 0.0026 19.05 0.16 6.77 0.69
9 0.0846 0.0002 0.44 0.46 2.01 0.25 0.3060 0.0002 181.88 0.44 1.39 0.16
10 3.3606 0.0007 4.32 0.10 5.01 0.67 7.7107 0.0032 19.97 7.73 5.47 0.59
11 6.4197 0.0011 6.76 0.07 5.84 0.63 11.5521 0.0043 20.97 0.14 6.90 0.80
12 9.8827 0.0018 3.92 0.13 6.57 0.77 17.7658 0.0046 18.06 0.06 7.44 0.84
13 0.0884 0.0001 3.02 0.57 2.73 0.31 0.3257 0.0002 197.44 0.76 1.58 0.19
14 2.8219 0.0005 3.21 0.07 5.01 0.56 9.9400 0.0020 20.35 0.09 6.24 0.75
15 6.7786 0.0021 0.84 0.08 6.18 0.79 16.1073 0.0037 19.36 0.12 7.36 0.85
16 10.0405 0.0016 0.81 0.06 7.41 0.83 20.0082 0.0143 16.99 0.10 8.04 0.84
17 0.2297 0.0001 37.33 0.56 1.34 0.21 0.5149 0.0010 104.63 0.33 1.62 0.20
18 3.6482 0.0013 16.26 0.13 3.12 0.34 6.2876 0.0046 30.88 0.11 3.82 0.55
19 6.3632 0.0024 11.44 0.19 3.72 0.47 10.5888 0.0048 25.27 0.13 4.53 0.52
20 9.9951 0.0026 9.80 0.17 4.24 0.44 13.1696 0.0050 22.11 0.19 4.83 0.52
21 0.1520 0.0002 18.76 0.29 1.88 0.24 0.4136 0.0004 158.90 0.33 1.28 0.15
22 4.0843 0.0013 8.58 0.14 4.28 0.48 9.7806 0.0041 24.26 0.07 4.90 0.54
23 7.2087 0.0023 8.92 0.09 5.37 0.55 12.7843 0.0030 22.21 0.07 6.06 0.68
24 11.9972 0.0022 5.72 0.12 5.57 0.77 22.1590 0.0073 21.45 0.17 6.30 0.68
25 0.1169 0.0001 4.80 1.00 1.75 0.30 0.3693 0.0002 181.61 0.25 1.28 0.15
26 4.2463 0.0012 6.15 0.14 4.79 0.53 9.2448 0.0033 23.96 0.07 5.51 0.62
27 7.6840 0.0020 6.31 0.21 5.81 0.70 13.5873 0.0060 20.01 0.13 6.26 0.76
28 12.2552 0.0032 6.47 0.10 6.56 0.75 21.4791 0.0090 17.64 0.07 7.27 0.82
29 0.1056 0.0002 9.32 0.90 2.91 0.56 0.3159 0.0003 224.40 0.56 1.36 0.17
30 3.3520 0.0010 2.52 0.13 4.95 0.63 11.3532 0.0249 23.00 0.26 6.24 0.72
31 6.9094 0.0020 1.13 0.11 6.65 0.77 17.2709 0.0358 21.05 0.15 6.93 0.84
32 12.7827 0.0043 1.63 0.07 6.78 0.91 22.7672 0.0045 16.83 0.08 7.90 0.91
33 0.2650 0.0004 42.84 0.30 1.17 0.13 0.6719 0.0002 107.46 0.24 1.70 0.19
34 4.2338 0.0028 15.45 0.08 3.15 0.36 7.9205 0.0021 29.72 0.08 3.66 0.47
35 7.7099 0.0022 9.61 0.12 3.78 0.39 12.5716 0.0030 25.79 0.10 4.26 0.56
36 11.5649 0.0032 9.31 0.06 4.18 0.60 18.9419 0.0047 21.67 0.08 5.23 0.57
37 0.1792 0.0002 14.94 0.35 1.46 0.20 0.4777 0.0003 154.88 0.29 1.31 0.15
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Table 2. Cont.
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38 4.8556 0.0010 10.68 0.06 4.52 0.52 9.5215 0.0039 27.75 0.15 4.56 0.47
39 9.1444 0.0026 7.93 0.13 5.12 0.57 15.1031 0.0075 21.94 0.07 5.52 0.58
40 14.5645 0.0045 6.77 0.13 5.62 0.76 19.9893 0.0083 19.59 0.07 7.10 0.79
41 0.1332 0.0003 41.45 0.54 1.47 0.17 0.3882 0.0004 221.58 0.48 1.36 0.16
42 4.6985 0.0016 8.08 0.24 4.83 0.55 11.3645 0.0049 26.01 0.13 5.49 0.67
43 8.5279 0.0037 6.41 0.08 5.31 0.61 16.7606 0.1116 21.72 0.26 6.49 0.74
44 13.6608 0.0047 3.21 0.06 6.35 0.72 23.8823 0.1563 18.76 0.22 7.76 0.90
45 0.0852 0.0001 16.31 0.63 3.11 0.40 0.2949 0.0003 263.67 0.56 1.33 0.18
46 3.9846 0.0010 0.43 0.07 5.19 0.61 12.3596 0.0033 24.44 0.10 5.90 0.71
47 7.3741 0.0019 0.30 0.06 5.96 0.67 19.5421 0.0037 297.77 0.10 7.23 0.77
48 13.8606 0.0486 2.32 0.06 6.80 0.84 23.8906 0.0049 16.04 0.17 8.33 0.89
49 0.2907 0.0001 42.54 0.22 1.33 0.15 0.3546 0.0003 245.89 0.39 1.29 0.23
50 5.1434 0.0010 15.52 0.21 3.17 0.38 11.8064 0.0054 29.33 0.14 3.80 0.39
51 9.0528 0.0021 12.44 0.17 3.85 0.41 18.7034 0.0043 24.92 0.09 4.33 0.49
52 13.1599 0.0032 7.44 0.22 4.21 0.43 30.3120 0.0068 21.93 0.07 5.24 0.55
53 0.1808 0.0002 17.86 0.24 1.37 0.18 0.3144 0.0003 291.16 0.50 1.33 0.16
54 5.7782 0.0020 11.63 0.08 4.36 0.50 12.7525 0.0070 26.09 0.09 5.06 0.56
55 10.4558 0.0033 8.42 0.10 4.94 0.52 19.7280 0.0081 21.70 0.28 5.86 0.72
56 15.6323 0.0050 5.04 0.13 5.41 0.64 30.4760 0.0099 19.38 0.07 6.50 0.75
57 0.1328 0.0001 5.19 0.95 1.62 0.24 0.3561 0.0002 248.44 0.81 1.30 0.16
58 5.3637 0.0009 5.90 0.21 4.69 0.62 12.7624 0.0039 26.15 0.09 5.35 0.62
59 9.8216 0.0221 3.60 0.11 5.21 0.70 21.7225 0.0107 21.94 0.15 6.27 0.65
60 19.1347 0.0063 4.39 0.07 6.23 0.69 24.9210 0.0167 19.47 0.16 6.99 0.81
61 0.1031 0.0003 2.05 1.14 1.90 0.26 0.2823 0.0004 320.70 0.72 1.39 0.15
62 3.9857 0.0016 5.15 0.20 5.10 0.77 13.5013 0.0097 25.88 0.10 6.16 0.69
63 8.4132 0.0025 1.30 0.06 6.33 0.87 23.2371 0.0081 171.94 0.17 7.52 0.87
64 15.3894 0.0075 0.37 0.13 7.08 0.78 30.4894 0.0063 17.49 0.11 7.83 0.88
4.1. Results and Analysis of MRR
Tables 3 and 4 represent the ANOVA tables for the material removal rate response and for both
polarities. As can be seen, for the positive polarity, six effects have p-values less than 0.05, indicating
that they influence the MRR variable at a confidence level of 95%. In the case of negative polarity,
seven effects are considered to be statistically significant. Furthermore, for both polarities, the effects of
current intensity, duty cycle and the interaction effect between them are the most significant for MRR.
Figure 1 depicts the main effects plot for MRR. As can be observed, in both polarities, current
intensity is the factor that most influences MRR. Material removal rate increases by increasing the
current intensity value because each pulse takes more power, making the temperature rise and the
workpiece melt faster. Thus, at 8 A, the material removal rate is around 13 mm3/min for positive
polarity and 21 mm3/min for the negative one, whereas at 2 A, in both cases, MRR drops to 1 mm3/min.
Table 3. Analysis of variance for positive polarity of MRR.
Source Sum of Squares Degrees of Freedom Mean Square F-Ratio p-Value
A: Current intensity 1294.81 1 1294.81 2226.32 3.51 × 10−46
B: Pulse time 2.84 1 2.84 4.88 0.0313
C: Duty cycle 83.31 1 83.31 143.25 6.08 × 10−17
AA 1.83 1 1.83 3.15 0.0816
AB 9.39 1 9.39 16.14 0.0002
AC 56.53 1 56.53 97.19 9.27 × 10−14
BB 8.29 1 8.29 14.25 0.0004
BC 1.05 1 1.05 1.80 0.1854
Total error 31.99 55 0.58
Total (correlation) 1490.04 63
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Table 4. Analysis of variance for negative polarity of MRR.
Source Sum of Squares Degrees of Freedom Mean Square F-Ratio p-Value
A: Current intensity 3810.20 1 3810.20 1512.62 1.07 × 10−41
B: Pulse time 138.90 1 138.90 55.14 7.57 × 10−10
C: Duty cycle 408.04 1 408.04 161.99 4.99 × 10−18
AA 44.84 1 44.84 17.80 0.0001
AB 44.81 1 44.81 17.79 0.0001
AC 198.41 1 198.41 78.77 3.34 × 10−12
BC 23.18 1 23.18 9.20 0.0037
CC 9.32 1 9.32 3.70 0.0596
Total error 138.54 55 2.52
Total (correlation) 4816.23 63
Moreover, the second most influential factor on MRR is duty cycle, and similarly to the
current intensity effect, the MRR value increases when the duty cycle increases due to a larger
number of pulses per unit time. Furthermore, it is also appreciated that with negative polarity,
MRR values are higher than those obtained with positive polarity. With negative polarity, a maximum
MRR of 30.4894 mm3/min is obtained, while with positive polarity, the maximum MRR value is
19.1347 mm3/min. In both cases, the values of current intensity and duty cycle were the maximum
values considered in this study (8 A and 0.6).
In addition, the results of material removal rate obtained in the EDM of Inconel ®600 with the
copper-graphite electrode have been compared to those obtained with graphite [14] and copper [13]
electrodes. According to these results, it can be stated that the highest removal rate of all of the cases
under consideration was produced with the copper-graphite electrode and negative polarity, which is
30.4894 mm3/min, as mentioned earlier.
Regarding polarity, similar results were found with the graphite electrode. However, in this
case, the maximum MRR values obtained were lower than those obtained with the copper-graphite
electrode. With negative polarity, a maximum MRR of 22.2854 mm3/min was reached, while with
positive polarity, the maximum MRR value was 15.3602 mm3/min. In the case of the copper electrode,
the polarity trend turned out to be the opposite. The maximum MRR value was 22.4729 mm3/min,
and it was obtained with positive polarity, while with negative polarity, the highest rate was only
1.8621 mm3/min. Finally, it should be noted that in the three cases under study, these high rates were
performed to 8 A.
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Figure 1. Main effects plot for MRR with (a) positive polarity and (b) negative polarity 
For the positive polarity experiments, the R2 statistic has a value of 0.9785, indicating that the 
model represents 97.85% of the variability of MRR, whereas R2adj is 97.54%. Meanwhile, for the 
negative polarity case, R2 and R2adj are 97.12% and 96.71%, respectively. The equations of the adjusted 
models for the MRR variable are shown in Equation (11) for the positive polarity and in Equation (12) 
for the negative one. 
MRR	 = 	−0.7553	 − 	0.4860	 × 	I	 + 	0.0673 ×	ti − 6.0339 × η + 0.0423 × I2 + 0.0061	 × 	I	 × 		ti 	+
3.7592	 × 	I	 × 	η	 − 0.0005 × ti2 − 0.0409 × ti × η, (11) 
MRR	 = 	−1.2191	 + 	1.5371	 × 	I	 + 	0.0724 × ti − 34.9372 ×  η − 0.2093 × I2 +  0.0134	 × 	I	 × 	 ti 	+
7.0430	 × 	I		 × 	η − 0.1926 × ti ×  η+ 38.1577 × η2, (12) 
Figure 2 represents, for both polarities, the estimated response surface of MRR versus current 
intensity and duty cycle, while pulse time remains constant at its central value. As can be observed 
in Figure 2a, there is a tendency for MRR to increase for high values of current intensity (5 A–8 A) as 
a function of duty cycle. However, when low values of current intensity are selected (2 A–3 A), the 
tendency is the opposite. In the case of negative polarity, as shown in Figure 2b, at low values of 
current intensity (2 A), MRR tends to slightly decrease if duty cycle increases up to a minimum, 
situated approximately at 0.5, after which it starts to increase. Moreover, as previously mentioned, in 
both cases, the highest values of MRR are reached when both current intensity and duty cycle are 
maximum (8 A and 0.6). 
Figure 1. Main effects plot for MRR with (a) positive polarity and (b) negative polarity.
For the positive polarity experiments, the R2 statistic has a value of 0.9785, indicating that the
model represents 97.85% of the variability of MRR, whereas R2adj is 97.54%. Meanwhile, for the
negative polarity case, R2 and R2adj are 97.12% and 96.71%, respectively. The equations of the adjusted
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models for the MRR variable are shown in Equation (11) for the positive polarity and in Equation (12)
for the negative one.
MRR = −0.7553− 0.4860× I + 0.0673× ti − 6.0339× η+ 0.0423× I2 + 0.0061× I × ti +
3.7592× I × η− 0.0005× t2i − 0.0409× ti × η,
(11)
MRR = −1.2191 + 1.5371× I + 0.0724× ti − 34.9372× η− 0.2093× I2 + 0.0134× I × ti +
7.0430× I × η− 0.1926× ti × η+ 38.1577× η2, (12)
Figure 2 represents, for both polarities, the estimated response surface of MRR versus current
intensity and duty cycle, while pulse time remains constant at its central value. As can be observed
in Figure 2a, there is a tendency for MRR to increase for high values of current intensity (5 A–8 A)
as a function of duty cycle. However, when low values of current intensity are selected (2 A–3 A),
the tendency is the opposite. In the case of negative polarity, as shown in Figure 2b, at low values
of current intensity (2 A), MRR tends to slightly decrease if duty cycle increases up to a minimum,
situated approximately at 0.5, after which it starts to increase. Moreover, as previously mentioned,
in both cases, the highest values of MRR are reached when both current intensity and duty cycle are
maximum (8 A and 0.6).Metals 2017, 7, 166  9 of 20 
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Figure 2. Estimated response surface of MRR with (a) positive polarity and (b) negative polarity. 
4.2. Results and Analysis of EW 
The ANOVA tables of EW are shown in Table 5, for positive polarity, and in Table 6, for negative 
polarity. As can be seen, for both polarities, four effects are statistically significant for the EW 
response. In the case of positive polarity, these effects, arranged in order of importance, are: pulse 
time, current intensity, the interaction effect between current intensity and pulse time and, finally, 
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Table 5. Analysis of variance for positive polarity of EW. 
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AA 421.17 1 421.17 13.31 0.0006 
AB 507.44 1 507.44 16.03 0.0002 
AC 75.77 1 75.77 2.39 0.1275 
BB 52.85 1 52.85 1.67 0.2016 
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Table 6. Analysis of variance for negative polarity of EW. 
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Sum of 
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A: Current intensity 208,915.00 1 208,915.00 78.26 3.20 × 10−12 
B: Pulse time 19,549.80 1 19,549.80 7.32 0.0090 
C: Duty cycle 16,264.00 1 16,264.00 6.09 0.0167 
AA 80,421.20 1 80,421.20 30.13 1.01 × 10−6 
AB 6260.33 1 6260.33 2.35 0.1313 
AC 8895.08 1 8895.08 3.33 0.0733 
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ANOVA results are plotted in Figure 3, which shows the main effects plot for EW and for both 
polarities. With respect to pulse time, it is noted that the behavior of EW differs depending on the 
polarity selected. As shown in Figure 3a, as pulse time increases from 25 µs–75 µs, lower rates of 
electrode material wear occur. However, with negative polarity, the lowest values of EW are reached 
when pulses of a short duration (25 µs–40 µs) are given, as shown Figure 3b. Furthermore, it may be 
seen that, for both polarities, EW value decreases as the current intensity increases down to a value 
of about 7 A, after which it begins to increase. 
Figure 2. Estimated response surface of MRR with (a) positive polarity and (b) negative polarity.
4.2. Results and Analysis of EW
The ANOVA tables of EW are shown in Table 5, for positive polarity, and in Table 6, for negative
polarity. As can be seen, for both polarities, four effects are statistically significant for the EW response.
In the case of positive polarity, these effects, arranged in order of importance, are: pulse time, current
intensity, the interaction effect between current intensity and pulse time and, finally, the quadratic
effect of current intensity. Likewise, in the negative polarity case, these effects are: current intensity,
the quadratic effect of current intensity, pulse time and duty cycle.
ANOVA results are plotted in Figure 3, which shows the main effects plot for EW and for both
polarities. With respect to pulse time, it is noted that the behavior of EW differs depending on the
polarity selected. As shown in Figure 3a, as pulse time increases from 25 µs–75 µs, lower rates of
electrode material wear occur. However, with negative polarity, the lowest values of EW are reached
when pulses of a short duration (25 µs–40 µs) are given, as shown Figure 3b. Furthermore, it may be
seen that, for both polarities, EW value decreases as the current intensity increases down to a value of
about 7 A, after which it begins to increase.
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Table 5. Analysis of variance for positive polarity of EW.
Source Sum of Squares Degrees of Freedom Mean Square F-Ratio p-Value
A: Current intensity 1521.55 1 1521.55 48.07 4.46 × 10−9
B: Pulse time 2024.58 1 2024.58 63.96 7.81 × 10−11
AA 421.17 1 421.17 13.31 0.0006
AB 507.44 1 507.44 16.03 0.0002
AC 75.77 1 75.77 2.39 0.1275
BB 52.85 1 52.85 1.67 0.2016
CC 55.24 1 55.24 1.75 0.1919
Total error 1772.61 56 31.65
Total (correlation) 6431.22 63
Table 6. Analysis of variance for negative polarity of EW.
Source Sum of Squares Degrees of Freedom Mean Square F-Ratio p-Value
A: Current intensity 208,915.00 1 208,915.00 78.26 3.20 × 10−12
B: Pulse time 19,549.80 1 19,549.80 7.32 0.0090
C: Duty cycle 16,264.00 1 16,264.00 6.09 0.0167
AA 80,421.20 1 80,421.20 30.13 1.01 × 10−6
AB 6260.33 1 6260.33 2.35 0.1313
AC 8895.08 1 8895.08 3.33 0.0733
BB 2705.43 1 2705.43 1.01 0.3184
Total error 149,490.00 56 2669.46
Total (correlation) 492,500.00 63
On the other hand, it can be observed that with positive polarity, the electrode wear is much
lower than that obtained with the negative one. For example, as shown in Figure 3, under the same
conditions, the EW in negative polarity is 3.3–9.5-times higher than that with positive polarity. Thus,
in this case, the maximum EW value reached is 42.84%, while with negative polarity, it has reached
a value of 320.70%. These results agree with those obtained in the EDM of an Inconel ®600 alloy with
graphite [14] and copper [13] electrodes. In addition, it should be noted that the lowest electrode
wear of the three cases under consideration was produced with the graphite electrode (−1312.96%).
However, as discussed in [14], this “negative” wear is not desirable because it is due to the deposition
of particles from the dielectric.
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Due to the great variability of the results obtained for EW and shown in Table 2, the values 
obtained for the adjusted model of EW are much lower than those obtained for MRR and the 
parameters of surface roughness. 
Figure 4 represents, for both polarities, the estimated response surface of EW as a function of the 
two factors, current intensity and pulse time, while duty cycle remains constant at its central value. 
As can be observed in Figure 4a, the highest values of EW are reached with the lowest values of both, 
current intensity and pulse time (2 A and 25 µs). However, with negative polarity, the maximum EW 
is obtained by combining low current intensity values and high pulse time values (2 A and 100 µs), 
as shown Figure 4b. 
With positive polarity, the electrons strike the electrode surface by removing material from it. 
Due to their light weight, they accelerate from the workpiece and hit the electrode surface, removing 
much material [28]. The more discharges are produced (short pulse duration), the greater the number 
of electrons that are able to hit the electrode surface and, consequently, the higher its wear. However, 
in the case of negative polarity, the cations impact on the electrode. In this case, due to their greater 
mass, they make an impact on the electrode surface with less force, so they need a longer time to wear 
down the material. 
Figure 3. Main effects plot for EW with (a) positive polarity and (b) negative polarity.
Furthermore, for the EW variable and positive polarity, the R2 statistic has a value of 72.44%,
and R2adj is 68.99%. For the negative polarity case, the values of R2 and R2adj are 69.65% and 65.85%,
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respectively. The simplified equations of the models are those shown in Equation (13) for positive
polarity and in Equation (14) for negative polarity.
EW = 37.5293− 9.4511× I − 0.6082× ti + 105.3770× η+ 0.6413× I2 + 0.0451× I × ti −
4.3523× I × η+ 0.0015× t2i − 92.9062× η2,
(13)
EW = 151.5450− 83.0609× I + 0.1162× ti + 378.3670× η+ 8.8621× I2 − 0.1582× I ×
ti − 47.1569× I × η+ 0.0104× t2i ,
(14)
Due to the great variability of the results obtained for EW and shown in Table 2, the values
obtained for the adjusted model of EW are much lower than those obtained for MRR and the parameters
of surface roughness.
Figure 4 represents, for both polarities, the estimated response surface of EW as a function of the
two factors, current intensity and pulse time, while duty cycle remains constant at its central value.
As can be observed in Figure 4a, the highest values of EW are reached with the lowest values of both,
current intensity and pulse time (2 A and 25 µs). However, with negative polarity, the maximum EW
is obtained by combining low current intensity values and high pulse time values (2 A and 100 µs),
as shown Figure 4b.Metals 2017, 7, 166  11 of 20 
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4.3. Results and Analysis of SR 
As was previously mentioned, surface roughness is characterized by the amplitude parameter 
Ra due to its extensive use and importance in industry. Table 7 andTable 8 represent the ANOVA 
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Table 7. Analysis of variance for positive polarity of Ra. 
Source Sum of 
Squares 
Degrees of Freedom Mean Square F-Ratio p-Value 
A: Current intensity 126.90 1 126.90 1078.15 2.85 × 10−38 
B: Pulse time 38.94 1 38.94 330.86 3.60 × 10−25 
C: Duty cycle 0.15 1 0.15 1.28 0.2623 
AA 15.20 1 15.20 129.15 3.63 × 10−16 
AB 3.21 1 3.21 27.29 2.67 × 10−6 
BB 0.42 1 0.42 3.55 0.0648 
BC 0.17 1 0.17 1.43 0.2368 
Total error 6.59 56 0.12   
Total (correlation) 191.58 63    
Table 8. Analysis of variance for negative polarity of Ra. 
Source Sum of Squares Degrees of Freedom Mean Square F-ratio p-value 
A: Current intensity 231.44 1 231.44 1053.86 6.82 × 10−39 
B: Pulse time 35.02 1 35.02 159.46 2.74 × 10−18 
AA 33.26 1 33.26 151.47 8.18 × 10−18 
AB 10.20 1 10.20 46.45 5.98 × 10−9 
BB 0.95 1 0.95 4.33 0.0419 
Total error 12.74 58 0.22   
Total (correlation) 323.61 63    
Figure 5 depicts the main effects plot for Ra. As can be seen, the current intensity and the pulse 
time are the most influential factors on Ra for both polarities. Besides, surface roughness becomes 
better and smoother when numerous electric sparks at low energy and short duration are applied. 
Under these conditions, small cavities that are homogeneously distributed on the surface are 
produced. This fact can be clearly observed in the experiments E33 (2 A and 25 µs), for the positive 
polarity, and E21 (2 A and 50 µs), for the negative polarity. These experiments had the minimum Ra 
values, which were 1.17 µm and 1.28 µm, respectively. 
Figure 4. Estimated response surface of EW with (a) positive polarity and (b) negative polarity.
With positive polarity, the electrons strike the electrode surface by removing material from it.
Due to their light weight, they accelerate from the workpiece and hit the electrode surface, removing
much material [28]. The more discharges are produced (short pulse duration), the greater the number
of electrons that are able to hit the electrode surface and, consequently, the higher its wear. However,
in the case of negative polarity, the cations impact on the electrode. In this case, due to their greater
mass, they make an impact on the electrode surface with less force, so they need a longer time to wear
down the material.
4.3. Results and Analysis of SR
As was previously mentioned, surface roughness is characterized by the amplitude parameter
Ra due to its extensive use and importance in industry. Tables 7 and 8 represent the ANOVA tables
for the Ra models for both polarities. As can be observed, for the positive polarity, it can be deduced
that the process parameters, current intensity, pulse time, the quadratic effect of current intensity and,
finally, the interaction effect between current intensity and pulse time are more significant than any
other process parameters on Ra. These factors, as well as the quadratic effect of pulse time, are also
significant for Ra when negative polarity is selected.
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Table 7. Analysis of variance for positive polarity of Ra.
Source Sum of Squares Degrees of Freedom Mean Square F-Ratio p-Value
A: Current intensity 126.90 1 126.90 1078.15 2.85 × 10−38
B: Pulse time 38.94 1 38.94 330.86 3.60 × 10−25
C: Duty cycle 0.15 1 0.15 1.28 0.2623
AA 15.20 1 15.20 129.15 3.63 × 10−16
AB 3.21 1 3.21 27.29 2.67 × 10−6
BB 0.42 1 0.42 3.55 0.0648
BC 0.17 1 0.17 1.43 0.2368
Total error 6.59 56 0.12
Total (correlation) 191.58 63
Table 8. Analysis of variance for negative polarity of Ra.
Source Sum of Squares Degrees of Freedom Mean Square F-Ratio p-Value
A: Current intensity 231.44 1 231.44 1053.86 6.82 × 10−39
B: Pulse time 35.02 1 35.02 159.46 2.74 × 10−18
AA 33.26 1 33.26 151.47 8.18 × 10−18
AB 10.20 1 10.20 46.45 5.98 × 10−9
BB 0.95 1 0.95 4.33 0.0419
Total error 12.74 58 0.22
Total (correlation) 323.61 63
Figure 5 depicts the main effects plot for Ra. As can be seen, the current intensity and the pulse
time are the most influential factors on Ra for both polarities. Besides, surface roughness becomes
better and smoother when numerous electric sparks at low energy and short duration are applied.
Under these conditions, small cavities that are homogeneously distributed on the surface are produced.
This fact can be clearly observed in the experiments E33 (2 A and 25 µs), for the positive polarity,
and E21 (2 A and 50 µs), for the negative polarity. These experiments had the minimum Ra values,
which were 1.17 µm and 1.28 µm, respectively.
On the other hand, by increasing both parameters, sparks become more energetic and affect the
surface over a longer period, leading to greater and deeper craters. In this case, the maximum Ra
values were 7.41 µm and 8.33 µm, which correspond to the experiments E16 (8 A and 100 µs) and E48
(8 A and 100 µs), for positive and negative polarities, respectively.
These results agree closely with those obtained for MRR, where 0.2650 mm3/min and
0.4136 mm3/min are the material removal rates obtained from the experiments E33 (positive polarity)
and E21 (negative polarity), and 10.0405 mm3/min and 23.8906 mm3/min from E16 (positive polarity)
and E48 (negative polarity).
Metals 2017, 7, 166  12 of 20 
 
On the other hand, by increasing both parameters, sparks become more energetic and affect the 
surface over a longer period, leading to greater and deeper craters. In this case, the maximum Ra 
values were 7.41 µm and 8.33 µm, which correspond to the experiments E16 (8 A and 100 µs) and 
E48 (8 A and 100 µs), for positive and negative polarities, respectively. 
These results agree closely ith those obtained for MRR, where 0.2650 mm3/min and  
0.4136 mm3/min are the material removal rates obtained from the experiments E33 (positive polarity) 
and E21 (negative polarity), and 10.0405 mm3/min and 23.8906 mm3/min from E16 (positive polarity) 
and E48 (negative polarity). 
Furthermore, from these results, and as shown in Figure 5, higher surface roughness values are 
obtained when negative polarity is selected. 
(a) Positive polarity (+) (b) Negative polarity (−) 
Figure 5. Main effects plot for Ra with (a) positive polarity and (b) negative polarity. 
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In addition, it should be pointed out that in the case of the graphite electrode, lower values of 
pulse time can be selected, which result in the lowest values of surface roughness. This is the case of 
E1 (2 A, 5 µs and 0.4) whose minimum value of Ra was 0.94 µm. In the case of the copper electrode, 
minimum Ra was 1.11 µm, and it was reached at 2 A and 50 µs. 
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increased up to a point, situated approximately at 5 A, after which it starts to slightly decrease. In 
addition, this increase is more pronounced at high values of pulse time (100 µs), due to the existence 
of an interaction effect between current intensity and pulse time. 
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Furthermore, from these results, and as shown in Figure 5, higher surface roughness values are
obtained when negative polarity is selected.
In addition, surface roughness results have been compared to those obtained with graphite [14]
and copper [13] electrodes. In general terms, it can be seen that, under similar energy conditions
(I, ti, η) and polarity, the copper-graphite electrode produces a slightly rougher surface compared to that
obtained by the graphite electrode. This indicates that the addition of copper in the electrode leads to
a greater melting of the workpiece material and, consequently, to a worsening of the surface roughness.
In addition, it should be pointed out that in the case of the graphite electrode, lower values of
pulse time can be selected, which result in the lowest values of surface roughness. This is the case of
E1 (2 A, 5 µs and 0.4) whose minimum value of Ra was 0.94 µm. In the case of the copper electrode,
minimum Ra was 1.11 µm, and it was reached at 2 A and 50 µs.
Hence, with positive polarity, the values of R2 and R2adj are 96.56% and 96.13%, indicating that the
model is good enough to characterize the relation between Ra and the EDM parameters. Meanwhile,
with negative polarity, R2 and R2adj are 96.06% and 95.72%. The equations of the adjusted models for
the Ra variable are those shown in Equations (15) and (16).
Ra = −2.6123 + 1.6241× I + 0.0335× ti + 0.5913× η− 0.1218× I2 + 0.0036× I × ti −
0.0001× t2i − 0.0164× ti × η,
(15)
Ra = −3.3191 + 2.2535× I + 0.0189× ti − 0.1802× I2 + 0.0064× I × ti − 0.0002× t2i , (16)
Figure 6 illustrates the estimated response surface of Ra versus current intensity and pulse time.
As shown, with both polarities, there is a tendency for Ra to increase as the current intensity is increased
up to a point, situated approximately at 5 A, after which it starts to slightly decrease. In addition, this
increase is more pronounced at high values of pulse time (100 µs), due to the existence of an interaction
effect between current intensity and pulse time.Metals 2017, 7, 166  13 of 20 
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4.4. Results and Analysis of ρE
The following sub-section analyzes the energy density results obtained for each of the response
variables and for both polarities. To do so, first, the behavior of the total energy density versus MRR,
EW and Ra parameter is studied. Secondly, the ratio of energy density on the workpiece and on the
electrode is analyzed.
Figure 7 shows the values of ρE depending on MRR and for both polarities. As can be observed,
in both cases, the value of ρE tends to decrease significantly with an increase in material removal
rate. That is to say, a smaller amount of energy is required when the volume of material removed is
greater. With positive polarity, the lowest values of energy density are around 2 kJ/mm3–5 kJ/mm3,
and the material removal rates vary from 2.5 mm3/min–18 mm3/min. However, for energy density
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values between 30 kJ/mm3 and 140 kJ/mm3, the removal rate values drop drastically to values close
to 1 mm3/min.
Furthermore, according to Figure 7a and the experimental results, it is seen that all experiments
performed with a current intensity value of 2 A are the ones that have obtained the highest values of
ρE, where these values are also much higher than those obtained with other current intensities values.
For example, with positive polarity, the maximum ρE values were 136.86 kJ/mm3 and 121.14 kJ/mm3
which correspond to the experiments E61 (2 A, 100 µs, 0.6) and E41 (2 A, 100 µs, 0.5), respectively.
However, the minimum ρE values were obtained in experiments E16 (8 A, 100 µs, 0.4) and E4
(8 A, 25 µs, 0.4), whose ρE values were 3.28 kJ/mm3 and 3.39 kJ/mm3. A priori, this is the expected
result since, as indicated earlier, the lower the energy of the sparks, the less material removed and,
thus, the higher the energy density in the workpiece. This tendency also occurs with negative polarity,
as can be seen in Figure 7b.
Furthermore, as can be observed in Figure 7a, the highest values of ρE are obtained in the case of
positive polarity, where these values are 11.6-times higher than those obtained with negative polarity.
This result is in line with the lower MRR obtained with this polarity and can be attributed to the fact
that, in rough conditions, the main goal is to remove as much material as possible in the shortest time.
Therefore, the EDM parameters are programmed to achieve the lowest possible power consumption
and the highest performance process possible.
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Figure 8 depicts the energy density versus EW for both polarities. As can be seen in Figure 8b,
the value of ρE tends to increase slightly when the electrode wear increases. This result agrees with
that obtained in Figure 7b. When the material rate from the workpiece is very low, the electrode wear
tends to be very high due to an increase in the melting on it. Consequently, the energy invested in
melting the electrode is, comparatively, greater than that of the workpiece. This fact can be observed in
experiments E45 and E61 whose MRR and EW values were as follows: MRR(E45) = 0.2949 mm3/min,
EW(E45) = 263.47%, MRR(E61) = 0.2823 mm3/min, EW(E61) = 320.70%.
Regarding the behavior of ρE with respect to the Ra parameter, it can be observed from Figure 9
that energy density increases if surface roughness increases. In finishing stages, the main aim is to
get a good surface roughness and an electrode wear as low as possible (in this kind of processes,
it is often very high). To do this, much energy is invested in getting a low rate of material wear that
results in a homogeneous and smooth surface. In this case, the time spent is very high, and the energy
density is high because the material wear rate from the workpiece in relation to the total volume is low.
For instance, in the case of positive polarity, ρE in the minimum Ra (1.17 µm) was 11.2-times lower
than that obtained in the maximum Ra (7.41 µm). In the first case, the machining time was 180 min,
whereas in the second case, it was 14 min.
With regard to negative polarity, the tendency is the same, where ρE in the minimum Ra (1.28 µm)
is 5.2-times lower than that obtained in the maximum Ra (8.33 µm). In the first case, the machining
time was 119 min, while in the second case, it was only 5 min.
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Figures 10 and 11 represent, for each of the experiments and for positive and negative polarities,
respectively, the en rgy density ratio of the workpiece (ρE/ρp) and of the electrode (ρE/ρe). From these
figures, it can be clearly appreciated that xpe iments carried out with negative polarity present a
higher nergy density ratio in the el ctrode compar d to the r c nterparts with positive polarity. For
example, in the case of E66 (maximum MRR), ρE/ρp was 3.88-times higher with negative polarity than
with positive polarity, whereas for E33 (minimum Ra), ρE/ρp was 1.72-times.
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In addition, it should be noted that the experiments performed at 2 A get the highest values of
energy density in the electrode, whatever the polarity. As has been pointed out before, this is due to
the lower energy of the sparks that are not able to remove much material from the workpiece and to
the low energy density of the process. As an example, this fact can be observed in experiments E1 and
E4 whose ρE/ρp values for positive polarity were as follows: ρE/ρp(E1) = 0.2637 and ρE/ρp(E4) = 0.1718;
and for negative polarity: ρE/ρp(E1) = 0.4915 and ρE/ρp(E4) = 0.6128.
4.5. SEM Analysis
In this subsection, the resulting surfaces after the EDM process are analyzed by using scanning
electron microscopy (SEM). To do that, the experiments that have obtained the minimum and maximum
Ra values have been selected. All SEM imaging and EDX analyses were conducted using a low vacuum
SEM with a resolution of 3 nm. Moreover, an accelerating voltage of 20 kV and a working distance of
10 mm were used.
The EDM’ed surfaces, at different magnifications, are shown from Figures 12–14. In general terms,
it can be appreciated that all surfaces show a matte appearance, covered by small overlapping craters,
debris particles that are re-solidified after the discharge and irregularities formed by entrapped gases
escaping from the re-solidifying material [37]. Furthermore, the number, size and depth of these craters
depend on the conditions selected in each of the experiments, as detailed below.
As is depicted in Figure 12a, which shows the micrograph of the experiment with the lowest
value of Ra (1.17 µm) and positive polarity, the EDM’ed surface has a flat and uniform appearance.
Furthermore, small defects, such as pores and micro-cracks, may be seen, resulting from the
contractions during the EDM process. However, the fissures are superficial and are found around the
folds of the re-solidified material.
With regard to negative polarity, in spite of having a similar Ra value, the surface is more damaged
and is full of deeper cracks, as can be observed in Figure 12b. These cracks are no longer around
the grain boundaries, but they cross, which makes their presence in the material more dangerous
and undesirable.
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Figure 12. SEM micrographs of minimum Ra at 500× for (a) positive and (b) negative polarities.
Moreover, Figure 13 shows the EDM’ed surface with the highest values of Ra for both polarities
(Ra(a) = 7.41 µm and Ra(b) = 8.33 µm). As shown, with positive polarity, the resulting surface is fairly
homogeneous, and the amount of molten material is, in this case, much higher than that obtained for
the minimum Ra case. This is because the pulse time has increased to 100 µs, which causes a decrease
in the frequency of the pulses and, also, because of the more energetic sparks as a consequence of
increasing the current intensity to 8 A. These data are in line with the high material removal rate
reached in these experiments: MRR(a) = 10.0405 mm3/min and MRR(b) = 23.8909 mm3/min.
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With regard to surfaces subjected to negative polarity, as shown in Figure 13b, the surface
appearance is rougher than that obtained with positive polarity. However, it should be noted that,
after analyzing the surface with lower value of Ra, the surface is not as damaged as one would expect
a priori. In this case, as discussed above, the presence of large cracks is very evident throughout the
surface. Therefore, it can be concluded that, for the selected materials (Inconel ®600 workpiece-Cu-C
electrode) and negative polarity, lower pulse time (25 µs) values lead to the appearance of large cracks
on the surface, while longer pulse time (100 µs) values produce a higher melting of the workpiece, and
the resulting surface has larger and deeper craters.
As is depicted in Figure 14b, EDX spectra of this surface exhibit carbon enrichment to a remarkable
extent as compared to the positive case. This increase in carbon content is due to the consequence
Metals 2017, 7, 166 18 of 21
of the pyrolysis of dielectric fluid during the EDM process [38]. Additionally, the presence of some
copper material can be appreciated in Figure 14b. Both copper and carbon seem like spots adhered
to the workpiece surface. In fact, it is the carbon itself that traps copper particles and causes their
adhesion to the surface of the Inconel ®600 workpiece. These results agree, on the one hand, with those
obtained for EW in which the greatest wear was found in negative polarity and, on the other hand,
with the results obtained in the EDM’ed of Inconel ®600 with the graphite electrode [14].
However, as shown in Figure 14a, the positive polarity surface has the same color, indicating that
its composition is homogeneous, and it was the material of the workpiece itself that had re-solidified
on it during the process.
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5. Conclusions
From this present research work, the following conclusions can be drawn for the selected materials
and the work intervals under consideration:
With regard to the material removal rate variable, higher MRR values correspond to those obtained
with negative polarity. In this case, the maximum rate is 30.4894 mm3/min, while the maximum MRR
with positive polarity is 19.1347 mm3/min. In both cases, the current intensity and the duty cycle
values are the maximum values considered in this case study (8 A and 0.6, respectively). Furthermore,
it can be observed that the use of the copper-graphite electrode and negative polarity leads to a higher
removal rate than when using copper or graphite electrodes.
In the case of electrode wear, current intensity and pulse time are found to be the most influential
factors on EW for both polarities. Besides, experiments subjected to positive polarity reached the
lowest EW value, that is to say 0.30. The optimal conditions to obtain this value were: 6 A, 100 µs and
0.5, respectively, for the current intensity, pulse time and duty cycle. In addition, it can be found that
with positive polarity, the electrode wear is much lower than that obtained with negative polarity.
Regarding surface roughness, the highest Ra value of 8.33 µm is obtained when negative
polarity is employed. Furthermore, for both polarities, the most influential factors turn out to be
the current intensity and the pulse time, causing a worsening of the surface if their values are
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increased. Therefore, surface finish is better when numerous sparks, at low energy and short duration,
are applied. Experiment E33 (Ra = 1.17 µm), for positive polarity, and E21 (Ra = 1.28 µm), for negative
polarity, are those that undergo lower Ra values. In both cases, the current intensity value was the
minimum selected (2 A), and the pulse time value was low within the selected range for each polarity
(25 µs and 50 µs). Moreover, it can be seen that, under similar energy conditions (I, ti, η) and polarity,
the copper-graphite electrode produces a slightly rougher surface compared to that obtained by the
graphite electrode.
Accordingly, a new energy density parameter is proposed. This new definition lets us quantify
the energy density that absorbs the workpiece and the one that absorbs the electrode.
For positive and negative polarities, the experimental results show that the value of the total
energy density of the process decreases with an increase in material removal rate and, thus, in the
surface roughness.
It may also be noted that the experiments performed at 2 A obtain higher values of energy density than
those at other current intensity values. With positive polarity, the maximum ρE value was 136.86 kJ/mm3
(2 A, 100 µs, 0.6), whereas the minimum ρE value was 3.28 kJ/mm3 (8 A, 100 µs, 0.4). In addition, it should
be pointed out that the experiments carried out with negative polarity show a greater energy density
distribution in the electrode compared to those carried out with positive polarity.
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